The results of the calculation of the thermodynamic properties for liquid Ga-Sb-Tl alloys at the temperature 1073 K are presented in this paper. Initially, the most appropriate thermodynamic model for the investigated system was selected. Based on a comparison of the values calculated by different geometric models (Kohler, Muggianu, Toop, Hillert, Chou) with the existing experimental based data, asymmetric models of calculation were determined to give the best results. The asymmetric nature of the investigated ternary system was additionally confirmed by the Chou similarity coefficient concept. For these reasons, further complete thermodynamic calculations were performed according to the Hillert model in five sections of the ternary Ga-Sb-Tl system from each corner with the mole ratio of other two components being 9:1; 7:3; 5:5; 3:7 and 1:9. The obtained results include integral excess Gibbs energy dependences on composition for all the investigated sections. The calculated activity values at 1073 K for all components are given in the form of isoactivity diagrams. Comparison between the calculated and experimentally obtained gallium activities shows good agreement.
INTRODUCTION
The Ga-Sb binary system is a subsystem of various complex electronic materials. For this reason, many thermodynamic studies have been carried out on alloy systems containing the GaSb semiconducting compound. The present study was performed in order to create a set of thermodynamic data for liquid Ga-Sb-Tl ternary alloys which may be of use for further assessment of this system and to investigate the mutual agreement among the results obtained by some of the most frequently used methods for the prediction of thermodynamic properties of ternary systems based on the known data for the constitutive binaries.
Literature thermodynamic data for the constitutive binary systems are numerous. Direct calorimetric measurements of the Ga-Sb binary system have been performed by Yazawa et al., 1 Predel and Stein 2 and Gambino and Bros. 3 Activities of the liquid Ga-Sb alloys have been measured by electrochemical techniques by Gerasimenko et al., 4 Danilin and Yatsenko, 5 Anderson et al. 6 and Katayama et al., 7 and vapor pressure measurements by Hsi-Hsiung et al. 8 and Bergman et al.. 9 Danilin and Yatsenko 10 used the electromotive-force (EMF) measurements on fused salts to obtain the activity of Tl in liquid Ga-Tl alloys in the temperature range 695-1024 K over the whole composition range. Predel and Stein 11 measured the enthalpy of mixing of liquid Ga-Tl alloys using high-temperature calorimetry, and determined the entropy of mixing based on the results of the solubility equilibria evaluation. Katayama et al. 12 performed EMF measurements with zirconia as solid electrolyte over the entire composition range of liquid Ga-Tl alloys in the temperature range 973-1273 K to obtain the activity of gallium.
Thermodynamic properties of the liquid Sb-Tl alloys were investigated by Kameda. 13 Based on the results of EMF measurements in the temperature range 953-1230 K, negative deviations from Raoult's law were obtained for both components over the whole concentration ranges.
Recently Katayama et al. 14 performed EMF measurements with zirconia as solid electrolyte in the Ga-Sb-Tl system and derived gallium activity in three cross sections from the gallium corner (x Sb :x Tl =3:1;1:1;1:3) in the temperature range 973-1273 K.
As a contribution to a more complete knowledge of the thermodynamic behavior of the Ga-Sb-Tl system, the results of the calculation of thermodynamic properties are presented in this paper. The results using the Hillert, Toop, Kohler, Muggianu and Chou models were compared to available experimental data and mutually to each other. A so-obtained set of thermodynamic data for liquid Ga-Sb-Tl alloys may be useful for further assessment of this system.
RESULTS AND DISCUSSION
There are several traditional models from which thermodynamic properties of a ternary system can be extrapolated using the three constitutive binary systems as basis. These models are classified, according to Hillert, 15 into two categories: symmetrical (Kohler, 16 Muggianu 17 ) and asymmetrical (Toop, 18 Hillert 15 ).
The basic analytical interpretations of these models are given by: -Kohler model 16 
-Hillert model 15
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where
In all given equations, DG E and DG E ij correspond to the integral molar excess Gibbs energy for ternary and binary systems, respectively, where x 1 , x 2 , x 3 correspond to the mole fraction of components in an investigated ternary system. Graphical interpretation of these models is shown in Fig. 1 . The use of a symmetrical model when an asymmetrical model is more appropriate can often give rise to errors. Categorization of an investigated ternary system into one or the other of these two categories is in some cases, especially when adequate experimental data are lacking, an uncertain task. Also, a different choice of the arrangement of the three components to the three apexes of the triangle in the case of the application of an asymmetric model leads to a different result of the ternary Gibbs energy of mixing. For these reasons, Chou 19 proposed a new model based on the "similarity coefficient concept", the advantage of which is that its application requires neither the predetermination of whether a system is symmetrical or not, nor the choice of the symmetric and asymmetric components in a particular ternary system. The correctness of this model has already been confirmed in some practical examples (Ga-Sb-Sn system 20 ; Ga-Sb-Bi system 21 ; Ga-In-Te system 22 ). Therefore, besides the traditional models, this model is also applicable for the calculation of the thermodynamic properties of the Ga-Sb-Tl ternary system.
The basic equation of the Chou model is given as follows (in detail see Ref.19) :
where DG E is the integral excess Gibbs energy for a ternary system, x 1, x 2, x 3 are the mole fractions of a ternary alloy, A 0 ij , A 1 ij , A 2 ij are parameters for the binary system "ij" which can be temperature dependent. The function f is the ternary interaction coefficient expressed by:
where x ij are the similarity coefficients defined by n i called the deviation sum of squares:
where:
and
In order to investigate which among the chosen geometric models give the most accurate results, experimentally based data 14 of the excess Gibbs energy at 1073 K for the sections from the gallium corner with mole ratio of x Sb :x Tl equal to 3:1, 1:1 and 1:3 were compared with the results calculated according to the following calculation models -Kohler, Muggianu, Toop, Hillert and Chou.
The basic data for the model calculations were the values of the parameters of the Redlich-Kister equation given as
1073 K for the constitutive binary systems taken from Ref. 7 for the Sb-Ga system, Ref. 12 for the Ga-Tl system and Ref. 13 for the Tl-Sb system given in Table I . 
The binary regular-solution parameters of the binary systems Sb-Ga, Ga-Tl and Tl-Sb are equal to the Redlich-Kister coefficients shown in the Table I , while related similarity coefficients were calculated according to Eq. (7) and are shown in the Table II .
The values of DG E was done using data from Tables I and II and the results Further, root mean square deviation analysis was applied on the DG E data obtained for the mentioned three sections in order to determine accurately which of the applied models was the most adequate one for liquid Ga-Sb-Tl alloys:
where: S t -root mean square deviation, N -the number of counting points, DG E exp -literature results 14 for DG E and DG E calc -calculated values for DG E . The results of such an analysis are presented in Table III , which indicates that: a) the investigated system Ga-Sb-Tl should be regarded as an asymmetric system and b) the Hillert model is the most adequate model for its thermodynamic description. The Chou similarity coefficient concept 19 was used as an additional tool in the process of selecting an appropriate method for thermodynamic prediction. This concept, depending on similarity coefficients values for the three binaries in the ternary system considered, indicates whether an asymmetrical or a symmetrical model is to be used in a specific case. In the case of the Ga-Sb-Tl system, the calculated similarity coefficients for the three constitutive binaries are presented in Table II and the obtained relations between the ternary and binary composition according to Eq. (9) are shown in Fig. 3 (for a temperature of 1073 K).
Analyzing the calculated values of the similarity coefficients for the Ga-Sb-Tl system (Table II) it may be seen that one similarity coefficient (x SbGa ) is close to zero, while one is close to unity (x TlSb ). The selected binary compositions according to the Chou model in this case are very close to the selected binary compositions according to the asymmetric Hillert and Toop models (Fig. 3) . It could be concluded that this particular situation reduces the Chou model to an asymmetric model very similar to the Toop or Hillert model when antimony is chosen as component "1" (Eqs. (3) and (4)).
Taking into account Table III and Fig. 3 , it is obvious that in the case of the Ga-Sb-Tl system, the results of asymmetrical models are more precise than the symmetric methods, while the results of the Chou model results are positioned very close to the results of the asymmetric models for this particular ternary system. Hence, the graphical representation given in Fig. 3 confirms asymmetric na- ture of the investigated system and finally indicates the application of the Hillert model as the most adequate in the thermodynamic investigation of the Ga-Sb-Tl liquid alloys. For this reason, all further detailed thermodynamic analysis was performed using the Hillert model with antimony as component "1" and gallium and thallium as components "2" and "3", respectively.
Further thermodynamic calculations of the investigated ternary system Ga-Sb-Tl were preformed according to Eq. (4) in five sections from any corner with mole ratios of other two components equal to 9:1; 7:3; 1:1; 3:7 and 1:9 at a temperature 1073 K. The values of the integral molar Gibbs excess energies for the chosen sections, calculated by the Hillert model, are presented in Table IV. Using the calculated values for the integral excess Gibbs energies as the starting data and the known relation between integral and partial excess Gibbs energy given by the following expression:
, the activities of all three components in the investigated sections were determined. The isoactivity curves for gallium, antimony and thallium at 1073 K are graphically presented in Fig. 4 . The calculated isoactivity curves for gallium and antimony are very similar to those shown in our previous paper about the Ga-Sb-Pb liquid alloys. 23 With in- creasing content of antimony in Ga-Sb-Tl alloys, both the gallium and thallium activity decrease strongly. On the other hand, replacement between gallium and thallium has only a small effect on the antimony activity. The calculated activities of gallium from this work are graphically compared with the experimentally obtained gallium activities in Fig. 5 .
The results presented in Fig. 5 show that there is good agreement between experimentally obtained and calculated activities of gallium in the x Sb :x Tl = 3:1 and 1:1 sections while for the section with a mole fractions ratio x Sb :x Tl = 1:3, the agreement is not so good.
The activity of gallium shows slight negative deviations from the Raoult law in the section with x Sb :x Tl = 3:1, moderately positive deviations in x Sb :x Tl = 1:1 section and large positive deviations from the ideal thermodynamic behavior in the section with x Sb :x Tl = 1:3.
CONCLUSION
The thermodynamic properties of the liquid Ga-Sb-Tl system were investigated using different models for thermodynamic predictions.
Comparison of the predicted integral excess Gibbs energies with the experimentally based results indicated the Hillert model to be the most accurate model for the thermodynamic description of the Ga-Sb-Tl system. The asymmetric nature of the investigated ternary system was additionally confirmed by the Chou similarity coefficient concept. Further thermodynamic calculation using the Hillert model was done in five sections of the ternary Ga-Sb-Tl system from each corner with mole ratios of other two components equal to 9:1; 7:3; 5:5; 3:7 and 1:9. The obtained results include integral excess Gibbs energy dependences vs. composition for all the investigated cross sections and isoactivity diagrams for all components of the Ga-Sb-Tl system at 1073 K. Comparison between the calculated and experimentally obtained gallium activities shows good agreement in the section with x Sb :x Tl = 3:1 and 1:1 and slight disagreement in the section with x Sb :x Tl = 1:3. The results presented in this paper are a contribution to a more complete thermodynamic description of the Ga-Sb-Tl system and may be useful for the further thermodynamic assessment of this system. U ovom radu je izlo`en prora~un termodinami~kih veli~ina u te~nim Ga-Sb-Tl legurama na 1073 K. Na osnovu pore|ewa prora~unatih integralnih ekscesnih Gibsovih energija po razli~itim geometrijskim modelima termodinami~kog predvi|awa (Kohler, Muggianu, Toop, Hillert, Chou) sa rezultatima baziranim na eksperimentalnim podacima utvr|eno je da asimetri~ni modeli daju ta~nije rezultate. Asimetri~nost ispitivanog sistema je dodatno potvr|ena Chou-ovim konceptom koeficijenata sli~nosti. Iz ovih razloga potpuni prora~un termodinami~kih karakteristika u ternarnom Ga-Sb-Tl sistemu je izvr{en Hillert-ovim modelom. Rezultati obuhvataju zavisnosti integralnih ekscesnih Gibsovih energija od sastava za petnaest ispitivanih preseka kao i dijagrame izoaktivnih linija za sve tri komponente ispitivanog sistema na 1073 K. Dobijeni rezultati pokazuju dobro slagawe sa postoje}im eksperimentalnim rezultatima. 
